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HIGHLIGHTS 


•  The  spherical  Li-rich  materials  with  different  primary  particle  sizes  were  synthesized. 

•  The  materials  with  different  primary  particle  sizes  have  different  lattice  strain. 

•  The  relationship  between  the  primary  particle  size  and  kinetics  was  discussed. 

•  The  material  with  200  nm  primary  particle  shows  the  best  electrochemical  properties. 
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The  spherical  Li-rich  materials  0.3Li2Mn03-0.7LiNio.5Mno.502  are  synthesized  by  a  standard  co¬ 
precipitation  method  followed  by  solid  state  sintering.  The  primary  particle  size  and  morphologies  of 
the  0.3Li2Mn03-0.7LiNio.5Mno.502  materials  can  be  readily  controlled  by  altering  the  heat-treatment 
temperature.  With  different  primary  size,  the  materials  show  different  rate  discharge  capabilities. 
However,  due  to  similar  chemical  composition,  they  show  similar  discharge  capacity  at  high  temperature 
and  low  current  density.  Subsequent  galvanostatic  intermittent  titration  tests  indicate  that  the  larger  the 
particle  size,  the  larger  the  chemical  diffusion  coefficient  of  the  Li+.  The  relationship  between  the  pri¬ 
mary  particle  size  and  electrochemical  kinetics  is  discussed.  Of  all  the  samples  in  this  study,  the  material 
with  a  primary  particle  size  of  200  nm,  obtained  at  900  °C,  exhibits  the  best  integrated  electrochemical 
performance. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Li-ion  batteries  are  used  extensively  in  electric  vehicles.  The 
search  for  battery  materials  with  higher  energy  density,  longer 
cycle  life  and  higher  thermal  stability  continues.  Many  studies  have 
been  carried  out  to  find  alternative  compositions  that  provide 
reversible  capacity  while  maintaining  structural  stability.  Recently 
discovered  Li-rich  materials  in  the  form  of  layer-layer  integrated 
xLi2Mn03-(l  -  x)LiM02  (M  =  Ni,  Mn,  Co)  are  likely  candidates  to 
achieve  a  capacity  objective  of  more  than  200  mAh  g-1.  However, 
such  integrated  compounds  still  suffer  from  poor  rate  capability, 
due  to  low  electrochemical  activity  of  the  L^MnCU  component  [1- 
4].  At  the  end  of  the  first  discharge  process,  a  fraction  of  the 
Li2Mn03  component  is  likely  to  be  transformed  from  a  layered 
structure  to  a  spinel-like  region.  This  phase  transformation  can 
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reduce  the  rate  of  free  migration  of  Li  ions  [5  ,  even  though 
sometimes  increasing  the  temperature  can  eliminate  this  effect.  On 
the  other  hand,  the  Li2Mn03  component  is  usually  an  insulating 
oxide  and  can  cause  high  resistance  during  the  electrochemical 
reaction  [6  .  These  problems  currently  limit  the  use  of  Li-rich  ma¬ 
terials  in  real  plug-in  hybrid  electric  vehicles  (PHEV)  or  hybrid 
electric  vehicles  (HEV). 

There  are  many  studies  that  have  tried  to  enhance  the  ion  and 
electron  transport  kinetics  of  the  Li-rich  materials,  including  cation 
doping  [7-9  ,  changing  the  Li2Mn03:LiM02  ratio  10]  and  coating 
the  particle  surface  [3,4,11-14].  Usually,  the  Li+  migration  time  t, 
Li+  diffusion  length  L  in  the  solid  phase  and  Li+  diffusion  coefficient 
DLi+,  can  be  described  by  the  equation  t  ~  L2IDU+  [15,16  .  It  has 
been  reported  that  it  is  more  effective  to  improve  the  rate  perfor¬ 
mance  by  shortening  the  Li  ion  migration  length  [17,18].  This  has 
led  to  investigations  into  the  use  of  nano-modification  technology 
for  cathode  materials  for  Li-ion  batteries  in  order  to  improve  the 
rate  performance  19-21  .  Compared  with  the  secondary  particle 
size,  the  primary  particle  size  has  a  greater  influence  on 
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electrochemical  and  physical  properties,  such  as  electrolyte  wet¬ 
ting,  surface  contact  resistance  and  rate  performance.  However,  a 
new  problem  must  be  faced  for  nano-scale  particles,  which  is  that 
the  large  specific  surface  area  can  cause  more  side-reactions  during 
the  charge-discharge  process  [22].  It  is  therefore  essential  to  find  a 
balance  between  the  kinetic  performance  and  the  cyclic  stability. 
This  may  be  a  feasible  material  design  giving  spherical  shape  par¬ 
ticles  with  appropriate  primary  particle  and  secondary  particle 
sizes. 

In  this  paper,  we  describe  the  successful  synthesis  of  a  series  of 
Li-rich  layered  cathode  materials  with  the  formula  0.3Li2M- 
nO3-O.7LiNio.5Mno.5O2.  This  can  also  be  written  as  Li1.130Ni0.304M- 
no.56502using  the  standard  layered  (LiM02)  notation  equivalent 
formula  [6,23  .  All  the  materials  have  spherical  particles  and  a 
similar  size  distribution  for  the  secondary  particles,  but  with 
different  nano-scale  primary  particle  sizes.  The  relationship  be¬ 
tween  the  primary  particle  size  and  the  electrochemical  perfor¬ 
mance  has  been  investigated  using  studies  of  lattice  structure, 
particle  morphologies,  rate  performance,  and  galvanostatic  inter¬ 
mittent  titration  tests  (GITT).  Based  on  our  experimental  data,  the 
material  with  200  nm  primary  particle  size  exhibited  the  best  in¬ 
tegrated  electrochemical  performance. 

2.  Experimental 

2.2.  Synthesis  of  0.3Li2Mn03  •  0. 7LiNio.5Mno.5O2  powders 

A  series  of  solid  solution  oxide  materials  with  the  formula 
0.3Li2Mn03-0.7LiNio.5Mno.502  were  synthesized  via  a  typical  co¬ 
precipitation  method.  The  synthesis  process  is  as  follows:  an 
aqueous  mixed  solution  of  NiSCH  and  MnSCH  with  a  concentration 
of  2.0  mol  L-1  (Ni:Mn  =  0.35:0.65,  molar  ratio)  was  pumped  into  a 
continuously  stirred  reactor  (feeding  rate:  6  mL  min-1).  At  the 
same  time,  a  precipitating  agent  consisting  of  4.0  mol  L-1  NaOH 
solution  and  a  prescribed  amount  of  ammonium  hydroxide  solu¬ 
tion  (NH4OH,  1.17  mol  L-1)  as  chelating  agent  were  also  separately 
fed  into  the  reactor  (feeding  rate:  6  mL  min-1).  A  pH  value  of 
around  10.5  was  maintained  during  the  entire  precipitation  reac¬ 
tion.  The  temperature  (55  °C)  and  stirring  speed  (1000  rpm  min-1) 
in  the  reactor  were  carefully  controlled.  After  the  co-precipitation 
was  complete,  the  stirring  was  continued  overnight.  The  precipi¬ 
tate  was  filtered  off  and  washed  with  deionized  water  three  times 
to  eliminate  residual  sodium  and  sulfuric  species.  An  ethanol  ex¬ 
change  operation  was  carried  out  before  being  dried  inside  a 
vacuum  oven  (80  °C)  for  8  h.  Finally,  the  precursor  was  mixed  with 
Li2C03  (AR)  at  the  chosen  elemental  ratio  to  give  0.3Li2M- 
nO3-O.7LiNio.5Mno.5O2.  This  was  calcined  at  800  °C,  900  °C  and 
1000  °C  for  10  h  in  air,  and  the  samples  were  named  LM-8,  LM-9 
and  LM-10,  respectively. 

2.2.  Characterization  and  electrochemical  test  of  powders 

The  particle  morphologies  of  samples  were  characterized  by 
field  scanning  electron  microscopy  (FSEM)  on  a  Hitachi  S-4800 
instrument  (Hitachi,  Japan).  X-ray  diffraction  (XRD)  patterns  of 
samples  were  collected  on  a  Bruker  D8  ADVANCE  Powder  Diffrac¬ 
tometer  with  Cu  Ka  radiation  (A  =  1.5406  A)  between  10  and  90° 
(40  kV,  40  mA,  step  size  =  0.02°  and  count  time  of  0.2  s/step)  to 
identify  the  crystalline  phase  of  the  materials.  Lattice  parameter 
determinations  and  lattice  strain  analyses  were  performed  using 
the  Bruker  Topas  4.2  software.  The  specific  surface  areas  of  the 
powders  were  measured  on  a  Gemini  2360  instrument  (Micro- 
meritics,  USA).  Particle  size  distributions  of  the  powders  were 
identified  by  a  laser  particle  size  analyzer  (Beckman  LS32,  USA).  The 
actual  chemical  compositions  of  the  cathode  materials  were 


analyzed  by  inductively  coupled  plasma  mass  spectrometry  (ICP- 
MS,  ElanDRCII,  Perkin  Elmer,  USA)  measurement. 

The  electrochemical  performances  of  0.3Li2M- 
nO3-O.7LiNio.5Mno.5O2  were  evaluated  using  CR-2032  type  coin 
cells.  Electrodes  were  made  by  casting  a  slurry  of  90%  weight  active 
material  oxide,  5%  conductive  reagent  (Timcal,  super-P),  and  5% 
PVDF  binder  (Kynar,  761A)  in  N-methyl-2-pyrollidinone  (NMP) 
solvent  onto  an  Al  foil  substrate.  The  slurry  was  cast  using  a  surgical 
blade.  Cast  laminates  were  first  dried  in  air  at  120  °C  for  2  h  and 
then  in  a  vacuum  at  70  °C  for  8  h.  Then  they  were  pressed  to  a  fixed 
thickness  of  80-100  pm.  Each  electrode  had  the  same  weight  of 
active  matter  (approximately  7.26  mg).  Lithium  coin  cells  (CR2032) 
were  fabricated  in  an  Ar  filled  glove  box  (<1  ppm  O2,  MBraun, 
Germany),  with  lithium  metal  as  the  anode,  Celgard  2400  micro- 
porous  polypropylene  membrane  as  the  separator  and  electrolyte 
consisting  of  1  M  of  LiPF6  in  a  1:1:1  volume  fraction  of  ethylene 
carbonate  (EC)/dimethyl  carbonate/ethyl-methyl  carbonate. 
Charge-discharge  formation  and  GITT  experiments  were  per¬ 
formed  using  a  multichannel  potentiostatic-galvanostatic  system 
(CT2010A,  Wuhan  Land,  China).  For  the  GITT  measurement,  the 
coin  cells  were  charged  and  discharged  with  a  constant  current  flux 
for  a  given  time,  followed  by  an  open-circuit  rest  for  a  specified 
time  interval. 

3.  Results  and  discussion 

Fig.  1  shows  scanning  electron  micrographs  (SEM)  for  the  pre¬ 
cursor  (theoretical  formula  Nio.35Mno.6s(OH)2)  and  0.3Li2M- 
nO3-O.7LiNio.5Mno.5O2  powders.  It  can  be  seen  that  the  precursor 
particles  have  a  uniform  spherical  morphology.  Despite  different 
calcination  temperatures,  the  final  0.3Li2Mn03-0.7LiNio.sMno.502 
particles  retain  a  spherical  shape  after  being  re-crystallized  with 
the  lithium  sources  during  the  high  temperature  calcination  pro¬ 
cess.  In  addition,  the  magnified  images  in  Fig.  1  show  that,  as  the 
calcination  temperature  increases,  the  primary  particle  of  samples 
grows  rapidly  larger.  Based  on  the  approximate  size-label,  as  shown 
in  Fig.  1,  and  statistical  calculations,  the  average  size  of  the  primary 
particle  of  samples  are  around  80  nm,  200  nm  and  500  nm  for  LM- 
8,  LM-9  and  LM-10,  respectively.  Moreover,  as  the  calcination 
temperature  rose,  the  pores  in  the  primary  particles  gradually 
disappeared  and  the  spherical  structure  become  more  compact. 

The  particle  distribution  curves  of  the  precursor  and  powders 
are  shown  in  Fig.  2.  Compared  with  the  precursor,  the  D5o  values  of 
the  three  Li-rich  materials  were  slightly  reduced.  This  may  be 
attributed  to  the  grinding  treatment  after  sintering.  In  addition,  it 
can  be  seen  that  the  three  Li-rich  materials  have  similar  particle 
distribution  curves  and  the  median  particle  sizes  D50  have  almost 
the  same  value.  This  indicates  that  the  sintering  process  hardly 
affected  the  secondary  particle  size.  Moreover,  compared  with  the 
precursor,  the  special  surface  areas  of  the  final  cathode  materials 
decreased  largely,  as  shown  in  the  inset  table  in  Fig.  2.  During  the 
high  temperature  calcination  with  lithium  carbonate,  the  nano¬ 
primary  particles  fused  to  one  another,  resulting  in  larger  pri¬ 
mary  particles  without  changing  the  morphology  of  the  secondary 
particles.  As  the  calcination  temperature  increased,  with  further 
crystal  growth  at  the  higher  temperatures,  the  special  surface  area 
of  the  powders  decreased  from  4.959  to  0.676  m2  g-1.  Subse¬ 
quently,  the  clustering  of  the  primary  particles  becomes  tighter  and 
tighter.  These  results  are  consistent  with  the  SEM  images.  The 
compositions  of  the  as-prepared  composites  are  listed  in  fable  1. 
The  elemental  content  corresponds  to  the  formula  given  and  has 
almost  the  same  values  for  all  three  samples  indicating  that  the 
chemical  composition  does  not  vary  with  calcination  temperature. 

XRD  patterns  of  the  0.3Li2Mn03  -0.7LiNio.5Mno.502  powders  are 
shown  in  Fig.  3.  All  the  diffraction  patterns  can  be  indexed  based  on 
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Fig.  1.  Scanning  electron  microscopy  images:  (a)  and  (b)  are  the  precursor,  with  images  of  0.3Li2Mn03-0.7LiNio.5Mno.502  powders  calcined  at  800  °C  (c),  900  °C  (e),  and  100  °C  (g); 
(d),  (f)  and  (h)  are  the  magnified  images  of  (c),  (e)  and  (g),  respectively. 


a  hexagonal  a-NaFe02  structure  with  the  R-3m  space  group.  The 
peaks  between  20°  and  23°,  highlighted  by  an  arrow,  can  be 
identified  as  the  (020)  reflection  of  the  super  lattice  structure  of  the 
Li2Mn03-like  component  (C2/m  space  group),  as  reported  else¬ 
where  [24-28].  Based  on  the  R-3m  structure,  the  lattice  parameters 
and  lattice  strains  of  the  samples  can  be  calculated  using  Rietveld 
refinements;  these  are  listed  in  Table  2.  All  samples  exhibit  c\a 
values  greater  than  4.9,  which  indicates  an  explicit  crystalline  layer 
structure  [29  .  The  separations  between  the  (108)/(110)  peaks 
provide  further  evidence  for  a  relatively  ordered  layer  structure 


[28].  The  values  of  the  lattice  volumes  show  an  increasing  trend 
with  calcination  temperature  and  are  consistent  with  earlier  re¬ 
ports  on  layered  cathode  materials  [30,31  . 

However,  in  the  magnified  XRD  patterns  (55°-75°)  shown  in 
Fig.  3,  the  widths  of  the  diffraction  peaks  for  the  (108)  and  (110) 
crystal  planes  clearly  increase  from  LM-10  to  LM-8.  In  general, 
several  factors  can  contribute  to  the  broadening  of  diffraction 
peaks,  including  instrumental  factors  and  sample  factors.  Of  these 
factors,  microstrain  in  the  lattice  is  quite  important  [32,33].  In  this 
work,  the  variation  of  residual  strain  in  the  lattice  might  be 
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Fig.  2.  The  particle  distribution  curves  of  the  OJLhMnCVOJLiNio.sMno.sC^  powders. 


attributed  to  the  different  sintering  temperatures.  Higher  lattice 
strain  will  hinder  Li+  migration  during  the  electrochemical  process 
and  influence  the  structural  stability  of  the  active  material  in  the 
charge/discharge  cycle  [34-36].  The  lattice  strains  decrease  as  the 
primary  particle  size  of  the  as-prepared  cathode  materials  in¬ 
creases  (Fig.  4  and  Table  2).  LM-8  has  the  smallest  primary  particle 
and  the  largest  lattice  strain.  In  contrast,  the  smallest  lattice  strain 
exists  in  LM-10,  which  is  related  to  the  high  heat-treatment  tem¬ 
perature.  It  implies  that  the  layered  structure  becomes  more 
established  as  the  calcination  temperature  increases,  enhancing  Li+ 
migration  during  the  electrochemical  reaction. 

The  initial  charge-discharge  voltage  profiles  of  Li/0.3Li2M- 
nO3  O.7LiNio.5Mno.5O2  coin  cells,  using  a  constant  current  density 


Table  2 

The  crystal  structure  parameters  and  lattice  strains  of  prepared  powders,  calculated 
by  Rietveld  refinements. 


Samples 

Primary  particle 
size  level  (nm) 

a  (A) 

c(A) 

c\a 

Volume  (A3) 

Lattice 

strain% 

LM-8 

80 

2.8606 

14.2416 

4.9784 

100.92(9) 

0.12779 

LM-9 

200 

2.8605 

14.2447 

4.9797 

100.94(6) 

0.10869 

LM-10 

500 

2.8606 

14.2500 

4.9814 

100.98(8) 

0.08059 

of  25  mA  g_1  between  2.5  and  4.8  V,  are  shown  in  Fig.  5(a).  The 
initial  charge  process  can  be  divided  into  two  parts.  The  first  one  is 
the  Li-extraction  from  the  structure  of  space  group  R-3m  accom¬ 
panied  by  the  oxidation  of  mainly  Ni2+/Ni4+  in  the  transition  metal 
layer.  The  second  charge  process  (above  4.5  V)  corresponds  to  the 
activation  of  the  LbMnOs  component  in  the  solid  solution  material 
[37^1  .  The  first  columbic  efficiencies  for  LM-8,  LM-9  and  LM-10 
were  75.1%  72.6%  and  61.18%,  respectively  (Fig.  5(a)).  LM-8,  LM-9 
and  LM-10  exhibited  different  initial  discharge  capacities.  Different 
primary  particle  sizes  may  cause  changes  of  Li+  ion  mobility  and 
degree  of  polarization.  A  larger  primary  particle  size  might  cause 
higher  polarization  and  affect  the  Li+  ion  diffusion  in  the  solid 
phase.  It  has  been  reported  that  by  reducing  the  charge-discharge 
current  rate  or  elevating  the  operating  temperature,  the  polariza¬ 
tion  can  be  reduced  and  potential  capacity  of  these  Li-rich  layered 
materials  can  be  further  enhanced  [6].  In  order  to  verify  this  point, 
we  performed  an  additional  test.  In  the  secondary  cycle,  the  same 
cells  were  used  for  a  charge-discharge  test  at  a  rate  of  0.05C  at 
55  °C;  the  resulting  charge-discharge  curves  are  shown  in  Fig.  5(b). 
Compared  with  capacities  obtained  in  the  first  cycle  (Fig.  5(a)),  the 
capacities  of  all  cells  in  the  second  cycle  increased  by  a  significant 
extent.  This  can  be  attributed  to  the  activation  effect  produced  by 
the  high  temperature  and  low  charge-discharge  current  [6].  In 
addition,  the  three  samples  exhibit  similar  charge-discharge  ca¬ 
pacities,  as  expected.  This  confirms  that  the  similar  intrinsic 


Table  1 

Chemical  composition  of  the  as-prepared  cathode  materials. 


Samples 

Theoretical  composition 

Element  ratio  in  mole 

Chemical  formula 

Li 

Ni 

Mn 

O 

LM-8 

Lil.l3oNio.304Mno.56502 

1.135 

0.305 

0.561 

2.000 

Lil.l35Nio.305Mn0.56l02 

LM-9 

1.129 

0.304 

0.562 

2.000 

Lil.l29Nio.304Mno.56202 

LM-10 

1.134 

0.302 

0.559 

2.000 

Lil.l34Nio.302Mno.55902 
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Fig.  3.  X-ray  diffraction  patterns  of  the  as-prepared  cathode  materials. 
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Fig.  4.  Lattice  strain  as  a  function  of  primary  particle  size. 


Fig.  6.  The  discharge  capacity  as  a  function  of  discharge  current  density  for  Li/ 
0.3Li2Mn03-0.7LiNio.5Mn0.502  coin  cells.  The  test  is  performed  at  room  temperature. 


composition  of  these  materials  determines  their  similar  intrinsic 
reversible  capacity. 

Fig.  6  shows  the  discharge  capacity  of  the  coin  cells  measured  at 
different  current  densities  at  room  temperature.  Before  the  rate 
test,  three  cycles  at  a  rate  of  0.1  C  between  2.5  and  4.8  V  were 
performed  for  each  cell.  It  can  be  seen  that,  LM-8  has  the  highest 


0  50  100  150  200  250  300  350 

Capacity  /  mAh  g  ' 


Fig.  5.  The  charge-discharge  curves  of  Li/0.3Li2Mn03-0.7LiNio.5Mno.502  coin  cells  (a) 
25  °C,  0.1  C  for  the  initial  cycle  and  (b)  55  °C,  0.05C  for  the  second  cycle;  250  mAh  g  1  is 
used  as  the  theoretical  reversible  capacity. 


discharge  capacity  and  LM-10  shows  the  lowest  discharge  capacity 
at  all  times.  This  result  may  be  caused  by  the  different  electro¬ 
chemical  resistances  of  these  materials  resulting  mainly  from 
different  primary  particle  sizes. 

To  further  compare  the  kinetics  of  the  lithium  ion  extraction  and 
insertion  of  the  prepared  0.3Li2Mn03  -0.7LiNio.5Mno.502  materials 
with  different  primary  particle  size,  the  chemical  diffusion  coeffi¬ 
cient  of  the  lithium  ion  (DLi+)  in  the  active  material  is  used.  The 
chemical  diffusion  coefficient  of  a  lithium  ion  is  an  important  ki¬ 
netic  parameter  for  lithium-ion  insertion  and  extraction  reactions 
in  intercalation  materials.  Based  on  chronopotentiometry  at  near- 
thermodynamic-equilibrium  conditions,  GITT  is  a  reliable  method 
to  determine  DLi+.  Based  on  the  GITT  measurements,  the  chemical 
diffusion  coefficient  of  Li+  can  be  calculated  using  the  following 
equation  [42-47]: 


(1) 


where  Vm  is  the  molar  volume  of  0.3Li2Mn03-0.7LiNio.5Mno.502, 
deduced  from  crystallographic  data,  MB  and  mB  are  the  molecular 
weight  and  mass  of  the  active  material,  respectively,  and  S  is  the 
active  surface  area  of  the  electrode,  deduced  from  BET  testing. 

If  the  E  versus  t1/2  behavior  is  linear,  then  Eq.  (1)  can  be 
simplified  to  the  following  [42,43,48]: 


4/mB\/M\2/A£s\ 
Li+  tcV  MbS  )  Va Et) 


(2) 


Usually,  to  obtain  the  steady  state  cell  voltage,  a  small  current 
flux  and  long  time  interval  should  be  used  for  the  GITT  test.  In  this 
work,  the  GITT  data  were  collected  at  a  0.05C  rate  ( ~  12.5  mA  g”1) 
and  a  time  interval  of  240  min.  Because  the  prepared  Li-rich  ma¬ 
terials  have  similar  chemical  composition  and  lattice  parameters, 
the  molar  volumes  VM  of  the  three  samples  have  almost  the  same 
values,  20.2585  cm3  mol”1  for  LM-8,  20.2625  cm3  mol-1  for  LM-9, 
and  20.2705  cm3  mol”1  for  LM-10.  The  active  surface  areas  of  the 
LM-8,  LM-9  and  LM-10  electrodes  are  0.05505  m2,  0.0346  m2  and 
0.01563  m2,  respectively.  The  differences  in  the  active  surface  areas 
of  the  electrodes  can  be  attributed  to  the  different  BET  values  of 
these  powders.  Before  the  GITT  tests,  three  cycles  at  a  rate  of  0.1  C 
between  2.5  and  4.8  V  were  performed  at  room  temperature. 

Fig.  7  shows  the  variation  of  the  lithium  ion  diffusion  coefficient 
(Du+)  as  a  function  of  the  Li  intercalation/de-intercalation  content 
for  the  0.3Li2Mn03-0.7LiNio.5Mno.502/Li  coin  cells.  Fig.  7(c)  and  (d) 


J.  Liu  et  al  /  Journal  of  Power  Sources  251  (2014)  208-214 


213 


shows  that  the  DLi+  value  of  the  three  electrodes  is  about  10-13- 
10-16  cm2  s_1,  which  agrees  with  earlier  reports  28,45].  However, 
of  the  three  samples,  LM-8,  with  the  smallest  primary  particle  size, 
shows  the  lowest  DLi+  value;  LM-10  with  the  largest  primary  par¬ 
ticle  size  shows  the  biggest  DLi+  value,  irrespective  of  charge  or 
discharge.  This  may  be  attributed  to  the  effect  of  the  different 
crystallinity  or  lattice  strain.  A  lattice  with  high  lattice  strain  or  low 
crystallinity  would  have  more  defects  and  result  in  a  large  resis¬ 
tance  for  Li  migration  in  solid  phase  during  the  electrochemical 
reaction  [32,49].  The  data  show  that,  for  these  three  samples,  the 
DLi+  value  increases  as  the  primary  particle  size  increases. 

However,  since  LM-10/Li  has  the  largest  Li+  diffusion  capability, 
it  is  difficult  to  understand  why  LM-10/Li  coin  cells  show  relatively 
poor  rate  performance.  According  to  the  relationship  t  ~  L2/DLi+, 
the  Li+  diffusion  time  t  is  determined  by  the  diffusion  length  in  the 
solid  phase  and  the  Li+  diffusion  parameter  DLi+.  Based  on  the  hy¬ 
pothesis  that  the  primary  particle  is  spherical,  half  the  primary 
particle  diameter  can  be  regarded  as  the  Li+  diffusion  length  in  the 
solid  phase  during  the  electrochemical  reaction.  According  to  the 
SEM  results  (Fig.  1 ),  the  primary  particle  size  L  shows  three  distinct 
values,  80  nm  for  LM-8,  200  nm  for  LM-9  and  500  nm  for  LM-10. 
Therefore,  calculating  the  distance  from  the  center  to  the  surface 
of  a  single  primary  particle,  gives  Li+  diffusion  lengths  of  40  nm  for 
LM-8,  100  nm  for  LM-9  and  250  nm  for  LM-10.  If  the  primary 
particle  size  Llm-8  of  LM-8  is  set  as  Lo  and  DLi+  of  LM-8  is  set  as  Do, 
the  tLM-8  can  be  written  as  the  following  equation: 

fijvi— 8  ~  Lq/Dq  (3) 

Thus,  according  to  the  primary  particle  size  relationship,  LLM-9 
and  Llm-io  can  be  expressed  using  2.5Lo  and  6.25Lo.  Here,  we  make 
the  calculation  using  an  OCV  of  about  4.0  V,  as  an  example.  Ac¬ 
cording  to  Fig.  7(c),  at  an  OCV  of  about  4.0  V,  the  DLi+  of  LM-8,  LM-9 
and  LM-10  are  1.27E-15,  3.42E-15  and  1.79E-14  cm2  s-1,  respec¬ 
tively.  The  value  DLi+  of  LM-10  is  about  14  times  greater  than  that  of 


Fig.  8.  The  cyclic  curves  of  Li/0.3Li2Mn03  0.7LiNio.5Mno.502  coin  cells.  The  charge- 
discharge  rate  is  1C  (250  mA  g_1). 

LM-8.  The  primary  particle  size  LLm-io  is  about  6.25  times  that  of 
Llm-8-  So,  the  Li+  diffusion  time  t  in  solid  phase  of  LM-10  can  be 
calculated  as  follows: 

fLM-10~^LM- 10 /^Li+  (LM-10)  =  (6.25L0)  /(14D0) 

=  2.8Lq/Do  ~2.8tLM-8 

Therefore,  even  though  it  has  the  largest  DLi+  parameter,  the  Li+ 
diffusion  time  t  in  solid  phase  of  LM-10  is  about  2.8  times  of  that  of 
LM-8.  Similar  calculations  can  be  carried  out  for  LM-9,  revealing 
that  the  Li+  diffusion  time  t  of  LM-9  in  the  solid  phase  is  about  2.3 
times  that  of  LM-8.  This  analysis  verifies  that  the  effect  of  the 
diffusion  length  on  the  electrochemical  kinetics  is  greater  than  the 
Li+  diffusion  parameter  DLi+,  supporting  other  reports  [19,49  . 


OCV/V 


Fig.  7.  Li-ion  diffusion  coefficient  for  samples  obtained  by  GITT.  (a)  GITT  curve  of  LM-8.  (b)  Relationship  of  the  LM-8/Li  cell  voltage  as  a  function  of  i1/2  for  one  titration;  inner  figure 
is  i  vs.  £  profile  of  a  LM-8/Li  coin  cell  for  a  single  GITT  titration,  (c)  log(DL;)  as  a  function  of  the  OCV  in  the  charge  process,  (d)  log(DLj)  as  a  function  of  the  OCV  in  the  discharge 
process. 
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Fig.  8  shows  the  cyclic  curves  of  Li/0.3Li2M- 
nO3-O.7LiNio.5Mno.5O2  coin  cells,  obtained  at  25  °C  with  a  constant 
current  density  of  250  mA  g_1  between  2.5  and  4.6  V.  Before  each 
cyclic  test,  three  cycles  between  2.5  and  4.8  V  with  a  0.1  C  charge- 
discharge  rate  were  performed  for  each  cell.  The  LM-8  sample  ex¬ 
hibits  the  highest  capacity  in  the  initial  stage,  but  the  largest  ten¬ 
dency  for  capacity  decay.  LM-10  has  relatively  low  capacity  in  the 
initial  stage.  As  the  cycle  number  increases,  the  discharge  capacity 
of  LM-10  shows  an  increasing  trend.  The  relatively  low  initial 
discharge  capacity  can  be  attributed  to  that  fact  that  the  activation 
ofLi2Mn03  cannot  be  completed  during  the  initial  stage  of  the  cycle 
due  to  the  large  primary  particle  size.  During  the  subsequent 
cycling  process,  the  LqO  extraction  from  Li2Mn03  can  be  completed 
gradually  during  the  cycling,  resulting  in  an  increase  in  capacity. 
This  phenomenon  agrees  with  earlier  reports  [41,50,51  .  It  is  well 
known  that  the  cyclic  performance  of  a  material  is  an  integrative 
parameter,  affected  by  crystallite  size,  particle  morphology  and 
crystallinity.  Small  crystal  strain  implies  good  crystallinity,  which  is 
an  essential  condition  to  obtain  good  electrochemical  performance 
and  to  maintain  structural  stability  during  cycling  [35].  Compared 
with  LM-8  and  LM-10,  LM-9  exhibits  the  best  integrated  cyclic 
performance,  with  relatively  high  initial  discharge  capacity  and 
stable  cycling.  This  may  be  attributed  to  having  optimum  primary 
particle  size,  special  surface  area  and  small  lattice  strain. 

4.  Conclusions 

In  this  paper,  we  describe  the  successful  synthesis  of  a  series  of 
0.3Li2Mn03  -0.7LiNio.5Mno.502  materials,  which  have  different  pri¬ 
mary  particle  sizes,  but  similar  secondary  particle  sizes.  SEM  results 
indicate  that,  with  increasing  calcination  temperature,  the  sizes  of 
the  powder  primary  particles  increase  and  the  special  surface  areas 
decrease.  However,  they  have  similar  particle  size  distributions. 
XRD  analysis  shows  that  these  are  typical  Li-rich  layered  materials 
with  characteristic  Li2Mn03  diffraction  peaks.  ICP  results  show  that 
they  are  of  similar  chemical  composition.  As  the  primary  particle 
size  increases,  the  rate  discharge  performance  of  the  materials 
decreases.  However,  the  GITT  results  show  that  the  sample  LM-10, 
with  the  largest  average  particle  size  of  500  nm,  has  the  largest  Li+ 
ion  diffusion  capability  in  the  solid  phase;  LM-8  with  the  smallest 
average  particle  size  of  80  nm,  has  the  smallest  Li+  ion  diffusion 
capability.  Combined  with  a  rate  test,  this  verifies  that  it  is  more 
effective  to  raise  the  rate  performance  by  shortening  the  diffusion 
lengths  rather  than  raising  the  chemical  diffusion  coefficient  of  Li+ 
ions  in  the  solid  phase.  In  this  work,  the  LM-9  material  shows  the 
best  integrated  electrochemical  performance,  due  to  having  opti¬ 
mum  primary  particle  size,  BET  and  relatively  low  lattice  strain. 
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